Introduction
Over the past three decades the study of organometallic molecules has moved from the periphery to the very heart of contemporary chemistry (1) .
M.lreover, there is a growing awarenes·xs 2 that the organometallic area is related to fields of research in the past considered rather applied, but now recognized as pertinent to society's energy needs.
For example, we presented a thesis (l) four years ago that the transition metal-organic fragment chemical bond is the key to understanding the "fuzzy interface between surface chemistry, heterogenous catalysis, and organometallic chemistry."
And in fact recent experiments (l,!,i,~) are beginning to confirm the no t ion that s p e c i e s such as C H , C H 2 , C H 3
and CH 2 =C ~ p 1 a y · i mportant roles on metal surfaces and in clusters.
Since these sorts of model organometallic species (e.g. Fe 3 cH 2 ) are often unstable and very difficult to prepare in the laboratory, the need for theoretical studies is apparent.
In the course of our efforts (and those of others) to examine theoretically the sort of organometallic species described above, it became apparent that certain technical problems occur for transition metals which are not present for molecules composed exclusively of H, C, N, and 0 atoms. The present review is primarily concerned with the problem of basis set incompleteness at the single configuration
Hartree-Fock level of theory.
Since the ultimate reliability of electronic structure predictions depends on the choice of basis set (L), such a topic is quite appropriate to the present volume.
Two decades ago, in the early days of ab initio molecular electronic structure theory, the Laboratory for M.llecular Structure and Spectra (LM>S) at the Unversit:y of Chicago was perhaps the most important center of this new area of research (~) . The ab initio studies at LMSS were primarily directed by C. C. J. Roothaan~ and in this author's opinion, Roothaan's strong leadership provided an orderly structure which has been of immense and continuing benefit. Specifically, Roothaan and his colleagues (especially Cade) insisted that the Hartree-Fock limit be approached as closely as possible for the diatomic molecules under discussion CV. :tany questioned the judgment of this philosophy, since lOW'er total energies (and hence "better" w avefunctions in the variational sense) are obtained by appending configuration interaction (CI) to considerably more modest basis sets than those used by Roothaan and co workers. What became crystal clear from the early research at L M>S was exactly hOW' good the Hartree-Fock method was in predicting many of the properties of diatomic molecules containing atoms lighter than argon (10) . Bond distances were found to be quite satisfactorily reproduced by these near Hartree-Fock studies, being typically a few hundredths of an angstrom shorter than experiment. However, itwas also discovered that diatomic dissociation energies are almost inevitably severely underestimated by extended basis set self-eonsistent-field (SCF) studies. The great virtue of these LMSS studies was that comparison with experiment provided an immediate gauge of the importance of electron correlation. Once the quantitative role of correlation effects on molecular predictions had been established, subsequent researchers were able to go about the critical task of developing methods (11) Over the past eight years, we have maintained a modest but continuing interest in transition metal species. In light of the above introductory remarks, it will not surprise the reader that our research has emphasized the use of relatively large basis sets and typically not attempted to go beyond the Hartree-Fock limit. Our philosophical bent with respect to transition metal systems becomes all the more apparent when it is noted that much of our research on molecules composed exclusively of H, C, N, and 0 atoms has involved state-of-the methods for obtaining highly corelated wave functions (13) . Here, then, we review briefly what might be described as near-Hartree-Fock studies of molecules containing transition metal atoms.
Choice of Basis Sets
For a primitive gaussian basis set of a given size to be most effective with respect to the total energy, the orbital exponents a must be variationally optimum. Although this optimization could take place at the molecular level, the expense is typically prohibitive and atomic optimizations are carried out. For transition metal atoms, fairly widely used gaussian basis sets of this type have been reported by Wachters (14) , and by Roos, Veillard, and Vinot (15 In hi·ndsight it now seems apparent that while the 3d ®>Pbital of a transition metal atom is rather contracted, this 3d orbital takes on a much greeter spatial extend when several carbonyl groups approach to form a typical organometa~ic .molecule such as Ni(C0) 4 • To be effective in molecular studies a basis set such as that described above must be flexibly contracted (1£ An equivalent description n+2 the d electron configuration logically requires even more incorporation of diffuse 3d character (28) . These atomic observations are helpful in the sense that the dn+ 2 electron configuration is conventionally thought to characterize most organometallic species (!). The spatially extended nature of the dn+Z atomic state thus serves to re-emphasize (15, 16, 24, 25) the necessity for diffuse (relative to those required in atomic s 2 dn basis sets) d functions in organotransition metal basis sets.
Transition ~tal Halides
The first transition metal system studied (17) Walsh sense) a bond angle of ~ 140 • It is also clear that the best hope for a bent equilibrium geometry will occur for the early transition metals, for which d= like M) energies will lie much higher relative to the six orbitals in Figure 1 . This is based on a bonding scheme, in Figure 3 , involving the interaction of the ls orbitals of the H atoms with the two ''·4s-4p hybrid orbitals available from the transition metal.
Quantitative SCF studies using a large-. Figure 4 , which nicely illustrates the general trend discussed in the previous paragraph.
The analogous trend toward increased "floppiness" in going from NiF to ScF is 3 3 seen in the out-of= plane vibrational frequencies given in Table I .
There are only three series of transition metal molecules for which near-Hartree-Fock studies have been systematically reported. The first is the diatomic hydrides, for which we have the Oxford studies of Richards and his co-workers (1, 2 Table III .
Genuine Organometallic Species
Having accumulated a fair amount of experience on the above-discussed transition metal halides and hydrides, it was deemed judicious to proceed to near Hartree-Fock studies of systems of more widespread interest, namely simple organometallic systems.
A. Nickel Tetracarbonyl
This and subsequent research (22) Therefore Ni(Co) 4 provides a good opportunity to test the reliability of near-Hartree-Fock geometrical predictions for organotransition metal species.
In the work of Spangler, Wendoloski, Dupuis, and Chen (22) was also determined using a smaller basis (15) of size Ni(lOs 7p 5d/7s 6p 3d).
The predicted separation 25.1 kcal is only 1.4 kcal greater than the more reliable theoretical result, suggesting that this barrier is not too sensitive to basis set size.
Perhaps the most intriguing prediction made for tris(n 2 -ethylene)nickel(O) is that its positive ion has the opposite equilibrium conformation from the neutral.
That is, the upright conformer of Ni(C 2 H 4 ); lies 2.4 kcal below the planar structure.
Although initially a surprise, this energetic reversal upon ionization is readily explained using the Walsh diagram in Figure 6 . The highest occupied molecular orbital (HOMO) in Figure 6 strongly prefers the planar conformation, and this is indeed favored when the 9e' orbital is fully occupied. However the two other orbitals seen in Figure 6 have a preference for the upright conformation, and the removal of one electron from the HOMO .e. ionization) is just enough to slightly favor the total energy of the upright conformation.
Before concluding it should be noted that the shape of the Walsh diagram in Figure 6 may be readily understood in terms of Ni 3d to olefin TI* donation (47) .
For the planar arrangement the three ethylene TI* orbitals transform as al + e', but for the upright conformation these 'IT* orbitals become e 9e' orbital is pushed up energetically in going from the planar to the upright conformation. Conversely, the 4e 11 orbital is favored energetically in the upright conformation, since only for the upright geometry do the TI* orbitals transform as e''. The same general line of reasoning suggests that the middle orbital in Figure 6 should have an essentially constant orbital energy. This is because the 'IT* c 2 From a theoretical perspective, the simplest realistic transition metal carbene might involve only CO ligands and the primitive CH 2 or methylene Furthermore, such prototype carbene complexes should fulfill the l~electron rule (52).
In this light, it becomes apparent that the simplest model transition metal carbenes of this type are
methylene(tetracarbonyl)iron(O) (2) and methylene(tricarbonyl)nickel(O)
None of these three molecules has been prepared to date in the laboratory, primarily because of the problems involved in incorporating the unsubstituted methylene as a ligand. In fact, the only organometallic complexes thus far reported with a mono= The same large basis set used above for Ni(CO) 4 was used in SCF studies (22) of the prototype nickel carb ene. Our only reservation concerning this bas is was the Since our theoretical studies (23) between SCF theory and experiment is surprising, so some discussion is in order.
Almlof used a Roo~type (15) basis of size Fe(l2s 7p 4d/8s 5d 3d), C(7s 3p/4s 2p), H(4s/2s). Such a basis will yield much higher absolute energies than those used here, but should otherwise be quite acceptable, with the exception of one possible deficiency.
That is, the absence of a set of d functions more spatially extended than those required 2 6 to describe the s d configuration of the iron atom. (e")2(ai)\ e')1 5E' 
